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Reactive palladium carbenes: Migratory insertion and other 
carbene-hydrocarbyl coupling reactions on well-defined systems. 
 Ana C. Albéniz*[a] 
 
Abstract: Palladium complexes with carbene ligands are among the 
best known and more extensively used catalysts. Those carbenes 
are usually NHC or N, N disubstituted derivatives and their use rely 
on the robust nature of the carbene ligands and their role as auxiliary 
ligands that modify the metal electronic and steric features. In 
contrast, there are other types of carbenes that, when coordinated to 
palladium, lead to transformations where the carbene fragment is 
involved. In the last decade, palladium-catalyzed reactions have 
been extended to the use of carbene precursors that can be 
functionalized with the formation of several C-C bonds in one 
reaction step. Plausible mechanisms have been proposed where a 
carbene-hydrocarbyl coupling occurs in the palladium coordination 
sphere. This microreview is intented to collect and discuss the 
examples of organometallic reactions in well-characterized palladium 
complexes where the carbene is one of the fragments involved in C-
C bond formation. These examples are key in understanding and 
supporting the mechanisms proposed for the Pd-catalyzed of C-C 
coupling reactions of carbenes.  
1. Introduction 
Palladium catalysis is central in the formation of C-C and C-
heteroatom bonds to build up molecular complexity. A large 
number of processes combine an electrophilic reagent (usually 
an organic halide) and a nucleophilic one (an organometallic 
reagent, an amine, alkynyl, alkene, enolate etc.) in the variety of 
useful classical cross coupling transformations: Suzuki-
Miyaura,[1] Stille,[2] Negishi,[3] Hiyama,[4] Kumada,[5] Buchwald-
Hartwig amination,[ 6 ] Sonogashira,[ 7 ] Heck,[ 8 ] and others.[ 9 ] 
Palladium catalytic systems that allow the use of hydrocarbons 
as one or two of the reaction partners in cross coupling reactions 
have also been developed.[10] In the last fifteen years, new Pd-
catalyzed transformations have been reported where carbene 
precursor reagents are used in palladium-catalyzed C-C 
coupling reactions. The carbene is incorporated into the final 
products and in many cases several C-C or C-X bonds are 
formed by double functionalization of the carbene fragment. It is 
proposed that in the course of the catalytic transformation a 
carbene moiety is transferred to palladium and then, a migratory 
insertion reaction of the carbene into a preformed Pd-R bond 
occurs, as shown in Scheme 1. A new palladium alkyl complex 
is formed in this way, which can be converted to the final 
products through manifold transformations. 
 
 
 
 
 
Scheme 1. Formation of a new C-C bond and a palladium alkyl complex by 
carbene transfer and migratory insertion.  
Scheme 2 illustrates the variety of reactions that can be 
carried out. Pioneer work by Van Vranken et al. showed that this 
process was feasible,[11] and since then, extensive work by the 
groups of Barluenga and Valdés,[12,13] Wang,[14] Van Vranken,[15] 
and others,[16] have shown the synthetic power of the coupling 
processes that combine carbene migratory insertion with other 
fundamental steps in palladium chemistry.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2. Some examples of Pd-catalyzed transformations via carbene 
transfer and carbene migratory insertion.  
Many carbene-precursor reagents (E=CR1R2 in Schemes 1 
and 2) can be used to form the palladium carbene complex,[17] 
including group 6 metal carbenes.[18] Initially, diazoderivatives 
were the most commonly used carbene precursors and although 
they are still employed, these derivatives are sometimes difficult 
to synthesize and to handle. In 2007 Barluenga and Valdés 
reported the use of sulfonylhydrazones as carbene precursors in 
palladium catalyzed coupling reactions.[12] The in situ 
transformation of sulfonylhydrazones to diazoalkanes under 
basic conditions, the Bamford-Stevens reaction,[19 ] avoids the 
handling of the latter derivatives, making the reactions more 
attractive and extending the range of available carbene 
fragments for these reactions.[20] As a consequence, the work on 
this area has experience a surge in the last decade and 
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nowadays these reactions have become part of the toolbox of 
palladium-catalyzed carbon-forming reactions for the synthetic 
chemist. The topic has been reviewed and profuse and detailed 
information can be found in the literature,[ 21 ] including quite 
recent accounts.[22]  
The development of synthetic applications of catalytic 
reactions involving a carbene migratory insertion step in a 
palladium complex has been fast and successful. The extension 
of the catalytic scope has been achieved much faster than the 
detailed knowledge of the steps proposed in the mechanism of 
these reactions. New synthetic methodologies have been 
produced in this way in the past, and this is a valid approach. 
However, a careful look into the fundamental steps involved in 
the catalysis has also proved to be necessary to bring a new 
reaction to its full potential. The experimental study of the 
migratory insertion reaction, represented in Scheme 1 and 
invoked as a fundamental step in the catalytic transformations in 
Scheme 2, is not an easy task. This step is difficult to separate 
from the steps preceding and following it: A fast migratory 
insertion reaction occurs on very reactive palladium carbenes, 
which are difficult to detect or isolate, and leads to a palladium 
alkyl which can easily decompose, most commonly by β-H 
elimination. Nonetheless, there are enough precedents and 
experimental evidence in the literature that show that the 
carbene migratory insertion reaction occurs in palladium 
complexes. This microreview intends to collect those examples 
and what can be learnt form them about the factors that favor 
this reaction.  
The reactivity of palladium carbenes can be strongly 
modified by changing the nature of the substituents on the 
carbene carbon. Extremely robust examples as well as very 
reactive (non-isolable) species belong to this family of 
complexes. Thus, before discussing the C-C bond forming 
reactions a brief overview of the types of palladium carbene 
complexes and their electronic features are given in section 2.  
By analogy with other well-known reactions such as the 
migratory insertion of CO or isonitriles into Pd-R bonds, a formal 
carbene migratory insertion into a Pd-R bond should give a new 
organometallic complex, a Pd-alkyl, in the same way as the 
insertion of CO gives an acyl complex or the insertion of RNC 
leads to an iminoacyl complex. The new palladium alkyl 
derivative could then undergo a subsequent transformation or 
functionalization, leading to the final products, as observed in 
catalytic processes (Scheme 2). With this formal criterion, 
section 3 shows examples where the carbene-R coupling leads 
to a new palladium organometallic complex that retains the 
newly formed moiety. On the other hand, the formation of a 
carbene-R (R= hydrocarbyl) bond can occur through reactions 
formally different from a migratory insertion, such as a reductive 
elimination. The nature of the interaction between the carbene 
and hydrocarbyl groups in the coordination sphere of the metal 
may not be that different in both processes and small changes in 
the transition states lead to a range of situations closer to a 
concerted reductive elimination or a migratory insertion. In fact, 
the term “migratory reductive elimination” has been coined to 
refer to examples of reductive elimination processes not 
involving carbenes where the transition state shows a migration 
of one group to the other, rather that a more symmetrical 
arrangement.[23] However, formally, the process is different since 
the carbene-R product is eliminated and no further 
functionalization on the metal can occur. This has been 
observed mostly for N-heterocyclic carbenes where the coupling 
product is a stable azolium salt and examples will be discussed 
in section 4.  
Carbene-hydrocarbyl couplings are not the only C-C forming 
reactions that involve carbene fragments and palladium 
complexes. For example, palladium carbene intermediates have 
been proposed in the well known Pd-catalyzed 
cyclopropanation,[24] as well as in the dimerization of group 6 
metal carbenes.[25] Some diazoalkane polymerizations are also 
catalyzed by palladium complexes. [ 26 ] However, these 
processes are outside the scope of this microreview and will not 
be discussed here.  
2. An overview of Palladium(II) carbene 
complexes 
Migratory insertion reactions in [PdR(carbene)L2] species require 
an electrophilic palladium carbene that interacts with the R 
group acting as a nucleophile. Electrophilicity is not a strange 
electronic feature for carbene complexes of Pd(II), where the 
metal has a very limited π back-donation ability, as expected for 
a late transition metal in oxidation state +2. The carbene 
fragment is basically a singlet species acting as a two electron 
neutral donor ligand (σ-interaction, Figure 1). In the absence of 
electron donor substituents, given the low extent of back-
donation from the metal (π-interaction, Figure 1), the π empty 
orbital centered on the carbene carbon is available, resulting in 
very reactive complexes which cannot generally be detected, 
less isolated. Of course, the electrophilicity of the carbene 
fragment can be modulated by the substituents of the carbene 
carbon leading to a wide variation of properties and reactivity. 
Nonetheless, using the classical classification based on 
reactivity, Pd(II) carbenes can be considered electrophillic 
carbenes, i.e. Fisher type carbenes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic metal-carbene bonding interactions and the electronic 
features of a carbene complex depending on the type of transition metal 
center.  
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Figure 2 shows some examples of characterized Pd(II) 
carbenes, most of them in analogous metal coordination 
environments, and the 13C NMR resonances for their Ccarbene.[27] 
The chemical shift for this nucleus is sensitive to a variety of 
factors, including the other ligands coordinated to the metal, but 
large differences are observed between different types of 
carbene fragments, that can be clearly related to the electron 
density on the carbene carbon. Complex 1 shows a very 
electrophilic C(p-Tol)2 fragment since the tolyl groups can be 
considered just as spectator substituents as far as their electron 
influence on the carbene is concerned, and according to the 
classification used by Bertrand and Bourissou.[28] Indeed, the 
value of the 13C NMR resonance for this complex (313.4 ppm) 
shows a very deshielded carbene carbon and its low reactivity 
may be a result of its being encumbered by the bulky pincer 
ligand.[29] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Palladium(II) carbene complexes with aryl or heteroatom-donor 
substituents.  
The vast majority of palladium(II) carbenes stable enough 
to be isolated have electron-donating substituents, usually 
heteroatoms with lone pairs (push-stabilizing substituents). 
Alkoxo or amino substituents show a good orbital match and the 
overlap between the carbene empty orbital and the occupied 
orbital of the X atom effectively reduces the electron deficiency 
of the carbene carbon (Figure 3). The actual electron transfer (O 
< N) reflects the electronegativity of the donor atom and the 
number of push-substituents is also very important. Therefore, a 
correlation between the donor ability and number of heteroatoms 
bound to the Ccarbene on one hand and its electrophilicity on the 
other is clearly observed (carbene electrophilicity: OR > NR2 > 2 
NR2). The 13C NMR Ccarbene resonances show this trend and the 
alkoxo carbenes show chemical shifts about 50 ppm higher that 
the monoamino carbenes (cf. complexes 2-5, Figure 2),[30] and a 
30-40 ppm difference is observed between the latter and the  
 
 
 
 
Figure 3. π-donation to the carbene carbon from X substituents with electron 
lone pairs.  
diaminocarbenes 6,[31] and 7 (Figure 2).[32] This is the general 
trend for the two other palladium alkoxo carbenes synthesized, 
[33] and for the more common monoaminocarbenes.[31,34,35] In fact, 
complex 2 is extremely susceptible to nucleophilic attack by 
water whereas 4 can be handled with no special precautions to 
exclude water. On the other side, diamino carbenes are quite 
robust. The vast family of N-heterocyclic carbene (NHC) 
complexes proves the effectiveness of two nitrogen atoms 
directly attached to the carbene carbon to stabilize these 
species. NHCs have become one of the most useful types of 
auxiliary ligands in palladium catalysis because, in fact, they 
behave as good donors and because their steric and electronic 
features can be easily modulated. These complexes and their 
applications have been thoroughly reviewed and they will not be 
discussed here any longer.[36 ] Nonetheless, these derivatives 
undergo some carbene-R coupling reactions that will be 
collected in section 4. More recently, some sterically 
encumbered monoamino carbenes, quite robust as well, have 
been used as auxiliary ligands in catalysis.[35] The so-called 
abnormal NHCs (or mesoionic carbenes) are also formal 
monoamino-carbenes but they are very good donor ligands 
showing little electrophilicity and high stability that make them 
suitable for catalytic applications.[37] A few examples of these 
types of complexes are collected in Figure 4.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Some structurally characterized palladium(II) monoamino or NHC 
derivatives.  
The molecular structures of some of these complexes 
have been determined and Table 1 (entries 1-8) collects some 
relevant parameters that give information about the electronic 
description that is most contributing in 1 and in other 
heteroatom-substituted carbenes (6-12).[27] The structural data 
support that π-back donation from the metal to the carbene is 
not significant. Pd-Ccarbene distances are very similar among 
complexes regardless the different nature of the substitutents, 
and have values that conform to a single bond in the range 
found, for example, for Pd-Caryl complexes (1.915-2.084 Å, 
median 1.998 Å).[38] Even for complex 1, the Pd-Ccarbene bond is 
a single one, and, since electron back donation to the carbene 
carbon occurs neither from the metal nor from the substituents, 
this carbene is highly electrophilic as indicated by the 
spectroscopic data. For the heteroatom-substituted carbenes, 
short distances between the heteroatom and the Ccarbene show 
an effective electron donation of the X lone pair leading to the 
formation of a C=X double bond in most cases (see d(C-X) for 
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Table 1. Structural parameters for some palladium carbene complexes [Pd(CRX)YnL3-n]m+ (n = 1, 2; m = 1, 0) depicted in Figures 2, 4, 5, and 7. 
Entry Complex X, R d(Pd-C), Å d(C-X), Å d(C-R), Å X-C-R (˚) Dihedral angle (˚) Pd 
plane/ carbene plane 
13C NMR (Ccarb) Ref. 
1 1 Tolyl, Tolyl 1.978(7) – 1.445(10)  47 313.4 [29] 
2 6 NMe2, NMe2 1.9825(13)   1.3375(17) 1.3386(17) 119.20(12)  80.85  201.3 [31] 
3 7 (EtNCH2–)2 1.995(2) 1.319(3) 1.317(3) 109.53(18) 89 191.4 [32] 
4 8 ArNR, CR3 2.0246(9  1.3133(11)  1.5298(12)  108.51(8)   267.4  [35] 
5 9 NiPr2, Anisyl 1.9937(12)   1.3026(16) 1.4811(17) 122.44(11)  74.93 232.4 [31] 
6 10 NEt2, Ph 2.030(5)[a] 1.291(6) 1.498(7) 117.25 ≈ 90 244.3 [39,40] 
7 11 NEt2, vinyl 2.025(6)[b] 1.300(8) 1.467(9)  118.51 ≈ 90 227.9 [41] 
8 12 (MesNCH=)2[c] 2.019(13)  1.355(13) 1.385(14) 102.40(11) 73.8 175.9 [42] 
  NMesR, 
CHNMes[d] 
2.021(11) 1.398(13) 1.312(13) 103.80(11) 50.8 150.7  
9 13 C, C (C7H6) 1.968(2)  1.39±0.02[e] 1.39±0.02[e]  ≈ 90 _ [43] 
10 14 –CPh=CPh– 1.945(2)  1.377(4)[f]  1.381(3)  59.2(2)  88.4 196.1 [44] 
11 15 –C(NPr2) 
=C(NPr2)– 
2.0242(13)  
2.0306(12)  
1.3903(19)[g]  1.3923(18)  63 165.5 [45] 
12 16 –C(NEt2) 
=C(NEt2)– 
1.961(3)  1.385(5)[h]  1.380(4)   80.3 – [46] 
13 17 C(Ar), C(vinyl) 1.986(3) 1.430(5) 1.374(4)[i] 118.2(3) 90.1 207.8 [47] 
14 18  C(R), C(R) 1.998(4) 1.385(5) 1.418(5) 119.2(3) 90 180.7 [48] 
15 19  C,C (pyrazole) 1.996(7) 1.377(9)  1.388(9)  104.3(6) 85.98 113.8[j] [49] 
16 20 C(Ar), C(Ar) 1.968(3)  1.440(4) 1.442(4) 120.9(2) ≈ 30 284.47 [50] 
17 21 OEt, C(Ar) 1.994(4)  
1.985(4)  
1.339(5)  
1.334(5)  
1.353(6) 
1.362(3) 
122.4(4) 
123.6(4) 
≈ 0 210 [51] 
18 22 C(pyr), C(pyr)  1.999(4)   1.409(3) 1.409(3) 123.2(3) 0 189.6 [52] 
19 23 C, C 1.984(5) 1.418(7) 1.425(7)  ≈ 0 164.5 [53] 
20 24 C, C  1.948(3) 1.400(4) 1.405(4) 119.1(3) ≈ 0 <140 [54] 
[a] Pd-C (C6F5): 2.016(5) Å. [b] Pd-C (C6F5): 2.031(6). [c] n-NHC. [d] a-NHC (MIC). [e] All C-C bond lengths in the cycloheptatrienyl ring are equal (1.39±0.02). [f] 
C2-C3: 1.363(3) Å. [g] C2-C3 1.3708(19). [h] C2-C3 1.384(5). [i] other bond lenghts (Å): C-C, 1.400(5); C-O, 1.322(4); N-C: 1.349(5). [j] Determined on the more 
soluble bis(TFA) derivative (instead of bis iodo). 
 
complexes 6-11, Table 1). Thus, the resonant forms depicted in 
Figures 2 and 4 are the most contributing ones in complexes 2-
11. This is also supported experimentally since complex 3 reacts 
with chloride and this nucleophile abstracts the methyl group of 
the methoxy substituent, a typical reaction of oxonium salts, to 
give a Pd-acyl (Eq. 1).[30]  
 
 
 
 
Complex 12 shows two different types of NHC coordinated 
to the same metal center. Interestingly, the structural parameters 
are very similar for the normal NHC and the mesoinic one (cf. 
Pd-C bond lengths in entry 8, Table 1). However, the 13C NMR 
shows a higher field carbene resonance for the mesoionic NHC, 
and this is an indication that this is more electron-rich than the 
normal NHC.  
The inclusion of the carbene carbon in an aromatic ring 
reduces the availability of the empty orbital centered on the 
Ccarbene and therefore its electrophilicity. This is the case of the  
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very stable carbocyclic complexes 13-16 (Figure 5 and Table 1) 
where the Pd-C bond is a single one and the carbene 13C NMR 
resonances (196-165 ppm) are very low compared to complex 1 
(313 ppm, Figure 2).[55] The stability of complexes 17-19 (Figure 
5) results from a delocalization over the heterocyclic backbone 
that allows several resonant forms, resulting in a carbene 
complex of low electrophilicity as shown in Figure 6 for complex 
17; structural data (entry 13, Table 1) indicate that resonant form 
A is the least contributing one. These derivatives are generally 
called remote N-heterocyclic carbenes.[37a]  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Examples of carbocyclic and remotely stabilized palladium(II) 
carbenes. 
 
 
 
 
Figure 6. Resonant forms for complex 17 (B and C are more contributing). 
The stability of palladium(II) carbenes can be increased by 
inclusion of the carbene fragment in a polydentate ligand. Figure 
7 collects some examples where the electrophilicity of the 
carbene carbon vary from complex 20, which reacts with 
nucleophiles at the carbene carbon,[50] to 24, strongly stabilized 
by delocalization.[54] The 13C NMR chemical shifts for the Ccarbene 
resonances cover a wide value range, reflecting quite a different 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Examples of palladium(II) complexes with a polydentate carbene-
containing ligand. 
electron density at the carbene center. The carbene in complex 
21 is less electrophilic than its monodentate analogues 2 and 3, 
due to the presence of the imido alkenyl substituent that allows 
an effective electron donation over the entire metalacycle.[51]  
It is interesting to compare the behavior of complex 20 with 
its neutral analogues 25 (Scheme 3). Whereas complex 20 is an 
electrophilic palladium(II) complex which reacts with a variety of 
nucleophiles at the carbene carbon,[50] the carbene fragment in 
complex 25 is actually nucleophilic.[ 56 ] Besides undergoing 
protonation with alcohols, amines or hydrogen chloride, the 
complex also reacts with weaker acids such as alkynes, ketones, 
alkylnitriles or polycyclic complexes. In every case the carbene 
carbon is protonated and the hydrocarbyl group binds to the 
metal (Scheme 3).[57]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3. Divergent reactivity of complexes 20 and 25.  
Just looking at the formulation, 25 could be considered the result 
of the coordination of a singlet carbene to a Pd(0) complex. The 
π-back donation expected from a Pd(0) center is larger than that 
from Pd(II) and this could increase the electron density of the 
carbene in such an extent that would make it nucleophilic. 
However, the molecular structure of 25 does not show a multiple 
character for the Pd-C bond and the bond length (2.086(4) Å for 
R = Me or 2.0755(11) Å for R = Ph) is even longer than that of 
the cationic 20 (entry 16, Table 1).[56] Thus, 25 is better 
described as being a Pd(II) complex containing a bis-anionic 
methine ligand, an ylide-type ligand with the charge distribution 
shown in Scheme 3.[50]  
Complexes 26,[ 58 ] and 27,[ 59 ] are other examples of 
palladium complexes that, having a coordinated disubstituted 
carbon (formally a carbene), are actually better described as 
methanediide or bis-ilyde complexes (Scheme 4). They are 
synthesized from organolithium precursors and the extremely 
shielded carbon (13C NMR Pd-C, -18.3 ppm for complex 27) 
shows a dramatically different nature than the Pd(II) carbenes 
discussed before. The nucleophilic carbon center undergoes 
reaction with electrophiles as shown in Scheme 4.[58a] The 
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chemistry of this type of complexes has been recently 
reviewed.[60]  
 
 
 
 
 
 
 
 
Scheme 4. Some examples of methanediide palladium(II) complexes.  
3. Carbene migratory insertion reactions. 
The study of the carbene migratory insertion reaction in 
palladium complexes (i.e. B to C, Scheme 5) is often 
complicated because the relative rates of this reaction and the 
preceding carbene transfer to palladium (A to B, Scheme 5) or 
the subsequent decomposition of the resulting alkyl complex (C) 
do not allow the isolation of both relevant intermediate 
complexes B and C. However, in some cases, these relative 
rates show a better match, enough for the detection of several of 
the intermediates depicted in Scheme 5 and to strongly support 
the migratory insertion pathway.  
 
 
 
 
 
 
Scheme 5. General scheme of the complexes involved in the C-C bond 
formation by migratory insertion in Pd-carbenes. 
Most of the reported examples where a migratory insertion 
reaction has been shown to occur use an isolated palladium 
hydrocarbyl complex A and react it with a carbene precursor to 
isolate the final palladium alkyl C. An early example reported by 
Van Leeuwen et al. showed that the reaction of a methyl 
palladium complex with lithiumdichloromethane led to a new 
complex identified as the chloroethyl palladium derivative 28. By 
analogy with the platinum complex, the authors propose the 
formation of a dichloromethyl derivative that rearranges to a 
palladium carbene. A subsequent migratory insertion into the 
Pd-Me bond results in the formation of 28 (Scheme 6).[61] 
 
 
 
 
 
 
 
Scheme 6. Insertion of a chloromethylene into a Pd-Me bond.  
A related example is the halomethyl Pd(IV) complex 29 
characterized by Cámpora et al. which transforms into 30 by a 
formal methylene insertion into the Pd-aryl bond.[62] This process 
could be interpreted as the formation of a methylene palladium 
complex followed by the migratory insertion into the Pd-aryl 
bond (Scheme 7). However, as the authors pointed out, being 
29 a Pd(IV) complex an alternative aryl-CH2X reductive 
elimination followed by oxidative addition of the halobenzyl 
moiety is plausible and would also lead to 30.  
 
 
 
 
 
 
 
 
 
 
Scheme 7. Formal insertion of a methylene fragment into a Pd(IV)-aryl bond. 
Diazoderivatives are one of the most common carbene 
precursors, also used in catalysis. The reaction of the strained 
four membered palladacycle in Eq. 2 with the common 
ethyldiazoacetate (EDA) or trimethylsilyldiazomethane brings 
about the expansion of the metalacycle with insertion of the 
CHR carbene fragment into the Pd-aryl bond to give 31.[63] Again, 
the intermediate palladium carbene was not detected.  
 
 
 
 
 
 
 
In the course of their catalytic studies W. Y. Yu et al. 
carried out the reaction of a benzyl palladium complex or a 
phenyl palladium derivative with diazoalkanes. In contrast with 
the palladacycles described above, no intermediate carbene or 
alkyl complexes were detected (B or C in Scheme 5) and only 
the organic compounds after decomposition could be 
characterized (Scheme 8).[64] Presumably, the putative palladium 
alkyl formed after migratory insertion undergoes fast β-H 
elimination, which is not possible in 31.   
 
 
 
 
 
 
 
 
Scheme 8. Reaction of diazoalkanes with Pd-hydrocarbyl complexes. 
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A bis-ylide derivative was used by Urriolabeitia et al. as a 
precursor of a palladium carbene that undergoes a migratory 
insertion into a Pd-C6F5 bond (Scheme 9, a). The putative 
pentafluorophenyl palladium carbene-ylide was not detected and 
only complex 32, the result of the carbene-aryl coupling, was 
isolated. However, the intermediacy of the palladium carbene-
ylide is strongly supported by the isolation of this type of 
complex from a close related palladium precursor (33, Scheme 9, 
b).[65] 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 9. Migratory insertion reaction in carbene-ylide palladium complexes. 
Kurosawa et al. reported a rare example of an isolated 
Pd(I) dimeric vinylcarbene (34) which forms, upon reaction with 
tetraphenyltin, a Pd(II) allylic complex 35 (Scheme 10). In this 
case the starting isolated palladium complex does not bear a 
Pd-R fragment but a carbene fragment instead (D, Scheme 5). 
The plausible pathway for the formation of 35 involves the 
transmetalation of a Ph group from tin to palladium followed by 
migratory insertion reaction and disproportionation of the Pd(I) 
complex (Scheme 10).[66]  
 
 
 
 
 
 
 
Scheme 10. Evolution of a Pd(I) vinyl carbene via migratory insertion. 
All the examples mentioned so far involve carbene 
fragments that do not bear donor substituents and therefore they 
are quite electrophilic and very reactive towards migratory 
insertion (see below). No intermediate palladium carbene 
complexes [PdR(carbene)LX] (B, Scheme 5) could be detected 
in any of those cases. A way to slow down the migratory 
insertion reaction would be to use carbene fragments with at 
least one heteroatom-containing substituent in order to decrease 
their electrophilicity. We used this strategy in our group, and 
synthesized palladium carbenes by transmetalation of 
monoamino or alkoxocarbene fragments from a group 6 metal to 
palladium. [PdRXL2] (R = C6F5, Me, acyl) complexes (A, Scheme 
5) were used as palladium precursors, and mainly 
[W(CO)5(carbene)] derivatives as the carbene source, although 
the carbene transmetalation also occurs for the analogous 
chromium complexes. As a whole, the results obtained for the 
reactions with different R groups in [PdRXL2] and different 
carbene fragments draw a complete picture of the migratory 
insertion on palladium carbenes, with the detection of all the 
intermediates in Scheme 5. 
The reactions of methoxy carbene tungsten complexes with 
[Pd(C6F5)Br(NCMe)2] do not allow to detect the intermediate 
pentafluorophenyl carbene palladium complex but only the 
products of the migratory insertion reaction (Scheme 11).[40] The 
transmetalation of this carbene fragment from W to Pd does 
occur, as we have observed in the formation of complex 2 (Eq. 
3).[30]  
 
 
 
 
Thus, the putative palladium methoxycarbenes in Scheme 11 
must undergo a fast migratory insertion reaction even when the 
hydrocarbyl group on palladium is pentafluorophenyl, a fragment 
that forms a strong Pd-C bond and it is known to undergo slower 
insertion reactions that a phenyl group.[67] With a right choice of 
substituent R1 on the carbene fragment, the resulting palladium 
alkyls (C, Scheme 5) can be trapped by formation of a palladium 
allyl (36),[40,68] or a palladium benzylic complex (37).[39,40] For R1 
= Me a fast β-H elimination leads to the arylated vinyl ether 
(Scheme 11). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 11. Products of the migratory insertion of a methoxycarbene into the 
Pd-C6F5 bond. 
The reaction of the monoamino carbene tungsten complex 
with the pentafluorophenyl palladium precursor led to the 
formation of a dimeric palladium carbene (38) that can be 
isolated and used as starting material for the synthesis of other 
[Pd(C6F5)(carbene)LX] derivatives (Scheme 12).[39-41] In contrast 
to the methoxy carbene, the better electron-donor amino group 
reduces the electrophilicity of the palladium carbene fragment 
and increases the stability of the complexes. A slow migratory 
insertion reaction follows to give a palladium alkyl complex that 
could not be detected in this case (see below for other detected 
examples). When R1 = Me, the evolution of this alkyl by β-H 
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elimination leads to the substituted vinyl amine (analogous to the 
vinylic ether in Scheme 11). In these reactions the aryl-carbene 
coupling also leads to the formation of iminium salts, the product 
of a formal reductive elimination, that could be generated from 
the putative aminoalkyl palladium complex after migratory 
insertion or even directly form 38.[40]  
 
 
 
 
 
 
 
 
 
 
Scheme 12. Carbene-pentafuorophenyl coupling in a monoaminocarbene 
palladium complex. 
Scheme 13 shows a comparison of the reactivity of the 
monoamino and alkoxo carbene fragments where R1 = 2-phenyl 
ethenyl. As mentioned before, the more stable palladium 
monoamino carbenes (38, 11) can be isolated and undergo a 
slow carbene-C6F5 coupling whereas a fast migratory insertion 
reaction occurs for the analogous alkoxo carbenes leading to a 
palladium alkyl stabilized in the η3-allylic form, 36. A free iminium 
salt results from the decomposition of the dimeric complex 38. 
However, the evolution of 11 leads to a coupled organic 
fragment that remains coordinated to palladium (39).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 13. Carbene-pentafuorophenyl coupling products in heteroatom-
substituted vinylic carbene palladium species. 
Interestingly, complex 39 in the solid state can be described as a 
zwitterionic Pd(0) complex with a coordinated iminium ligand. 
However, the spectroscopic data in solution point to a 
predominant Pd(II) η3-allylic form analogous to 36.[41] The 
occurrence of this intermediate situation supports a common 
carbene-R coupling route through migratory insertion for both 
the monoamino and alkoxo carbenes. 
Both complexes involved in the migratory insertion 
sequence (B to C, Scheme 5) were characterized in the reaction 
shown in Scheme 14. Complex 40 evolves by migratory 
insertion of the monoaminocarbene into Pd-acyl bond and the 
alkyl derivative 41 was detected and characterized in solution.[69] 
Besides a facile protonation of the enolate group, this complex 
also undergoes a decomposition reaction to the iminium salt. 
 
 
 
 
 
 
 
 
 
 
Scheme 14. Migratory insertion reaction of a monoaminocarbene into a Pd-
acyl bond.  
The monitorization of the decomposition of complexes 
[PdR{C(NEt2)Ph}X(PPh3)] (R = C(O)Me, C6F5; X = Cl, Br; 
Schemes 12 and 14) showed that the migratory insertion is first 
order in palladium and independent of the concentration of 
phosphine.[69] This indicates that in these cis-carbene-R 
complexes the reaction is intramolecular and does not need of 
previous ligand dissociation to occur. The highest influence in 
the migratory insertion rate is exerted by the carbene fragment: 
large differences are observed in the reactivity of diamino and 
monoamino or alkoxo carbenes, as it is shown in Scheme 15.[40] 
In the series of complexes [PdBr(C6F5){C(NEt2)Ph}L] the better 
σ-donating the ligand L, the slower the reaction, although the 
differences are far smaller than those observed for the carbene 
fragments. The following trend in rate was found: µ-Br (dimer 38) 
≈ PPh3 > PCy3, PMe3 > NHEt2. The cationic 
[Pd(C6F5){C(NEt2)Ph}(NCMe)2]+ showed the higher rate, 
indicating that a more electrophilic metal center is favoring the 
insertion reaction.[70]  
 
 
 
 
 
 
 
Scheme 15. Relative reactivity of heteroatom-substituted palladium carbenes. 
The migratory insertion reaction is not restricted to a 
specific Pd-R group in [PdR(carbene}XL] complexes. As it has 
been discussed above, aryl and acyl groups experience the 
process, but the reaction also takes place for R = Me.[69]  
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Scheme 16 summarizes the reaction pathways followed by a 
mixture of [W(CO)5{C(OMe)Ph}] and a methyl palladium 
precursor.  
 
 
 
 
 
 
 
 
 
 
 
Scheme 16. Migratory insertion reaction of an alkoxocarbene into a Pd-Me 
bond (b). 
Pathway a (Scheme 16) shows the migratory insertion reaction 
of a Pd-acyl group formed in the reaction mixture, a route which 
is analogous to that shown in Scheme 14 for a monoamino 
carbene. When group 6-metal pentacarbonyl carbene 
complexes are used as carbene sources, both the carbene and 
a carbonyl ligand are actually transferred to palladium. This may 
be irrelevant provided the carbonyl acts just as a ligand since, 
being weakly coordinated to Pd(II), it is easily displaced and, in 
fact, its coordination has never been observed in these systems. 
However, in the presence of a Pd-R bond, CO migratory 
insertion occurs to give the Pd-C(O)R acyl complexes. This 
process takes place for R = Me, Ph but not for R = C6F5, a group 
that disfavors the formation of the acyl group. The carbonyl 
transfer is faster than the carbene transfer for 
monoaminocarbenes, and for R = Me, Ph only the acyl 
palladium carbene is observed (Eq. 4).[71] However the rate of 
carbene transfer vs acyl formation is closer for the methoxy 
carbene and the product of migratory insertion of the carbene 
into the Pd-Me bond (42, path b, Scheme 16) could be observed 
and characterized. [69] 
 
 
 
 
 
 
Danopoulos, Green et al. described the unusual formation 
of the product of a migratory insertion of an N-heterocycic 
carbene (NHC) into a Pd-Me bond (Scheme 17). [72] Complex 43 
was obtained by reaction of a dimethyl palladium complex and 
the free chelating carbene ligand. DFT calculations on the 
system support the formation of a pentacoordinated palladium 
complex [PdLMe2] followed by the migration of a methyl group to 
one of the Pd-C(carbene) fragments. The barrier for this process 
was found to be low (7.8 kcal mol–1). This is an unusual outcome 
for NHC palladium complexes where, if the hydrocarbyl-carbene 
coupling takes place, it generally leads to the corresponding 
azolium salt and Pd(0) (see section 4). The presence of a rigid 
chelating carbene in this example may force the reaction to 
occur in the high energy pentacoordinated intermediate as well 
as favor the stabilization of complex 43. In any case, it clearly 
shows that a migratory insertion reaction is also possible for 
NHC-palladium carbenes.  
 
 
 
 
 
 
 
 
 
Scheme 17. Migratory insertion reaction of a NHC into a Pd-Me bond. 
The experimental studies collected here show that migratory 
insertion is quite general, being observed for a variety of Pd-
hydrocarbyl groups as well as carbene fragments with different 
electronic features. A wide range of reaction rates are observed, 
which shows a correlation with the electrophilic nature of the 
carbene, this being the main factor in determining the ease of 
the reaction. As a consequence, the isolation of relevant 
intermediates for the most electrophilic carbene fragments, often 
used in catalysis, is difficult and DFT calculations have been 
carried out on some of these systems in order to find out the 
feasibility of the migratory insertion step in a catalytic cycle. The 
barriers found for the migratory insertion step (B to C, Scheme 
5) are generally low for electrophilic carbene fragments such as 
Pd-CRR’, or Pd-C(OR)R’ with values in the range 3.6-7.6 kcal 
mol–1.[18c, 73 ] Therefore, when precursors of these carbene 
fragments are used in catalytic reactions of the type shown in 
Scheme 2, the migratory insertion reaction is not expected to be 
rate limiting.  
4. Carbene-Hydrocarbyl coupling reactions of 
NHCs. 
N-heterocyclic carbenes (NHCs) are extremely useful as 
auxiliary ligands in a wide variety of palladium catalyzed 
reactions. As mentioned above, their coordination chemistry and 
applications have been periodically and thoroughly reviewed. [36] 
These ligands are very attractive for the stability they impart to 
the metal complexes and because of the possibility to modulate 
both their electronic and steric features. However the Pd-NHC 
linkage is not utterly inert. In 1998 Cavell et al. reported the 
decomposition of a palladium complex by the coupling of an 
imidazolium-based NHC and a methyl group (Eq. 5).[74]  
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This is a process where the NHC ceases to play a spectator 
ligand role and, since complexes of a general formulation 
[PdR(NHC)LX] are ubiquitous in Pd-catalysis, this is a potential 
catalyst decomposition pathway. The reaction produces an 
imidazolium salt and Pd(0) and it is formally a reductive 
elimination process. Subsequent studies by the same group and 
DFT calculations support that this is indeed the reaction pathway. 
The calculated transition state for the coupling is a three-center 
R-Pd-C(NHC) TS that leads to an encounter complex with little 
interaction between the metal and the imidazolium C-2 
carbon.[75] The NHC-R reductive elimination is not rare and has 
been reported for imidazolium salts and a variety of R groups 
including methyl,[74-77 ] acyl,[ 78 ] allyl,[ 79 ] and aryl (Eq. 6).[80 , 81 ] 
Several reviews on the subject are available.[82,83] 
 
 
 
 
 
 
 
Eq. 7 shows an example of the reductive elimination of a phenyl-
substituted imidazolium salt from a well-defined aryl palladium 
NHC complex reported by Marshall and Grushin.[80] A kinetic 
study of the decomposition of 44 shows that the reaction occurs 
by initial phosphine dissociation. However, this is not a general 
case since no effect of the phosphine concentration in the 
reaction rate was observed for other close related systems. 
 
 
 
 
 
 
 
The decomposition of NHC-palladium hydrocarbyl complexes by 
reductive elimination is more difficult if the attainment of the 
required three-center transition state is disfavored by steric 
constraints. This is observed in the case of complexes with 
chelating NHC carbenes, the more rigid the structure the more 
stable the NHC complexes.[76] Also, chelating auxiliary ligands in 
[PdR(NHC)L2]+ (L2 = chelating phosphine, L = PR3) increase the 
stability of the complexes, since the opening of the L-Pd-L angle 
that occurs in the transition state (concomitant to the decrease in 
the R-Pd-C(carbene) angle) is not as favorable as in the case of 
two monodentate L ligands.[75]  
In these processes, the Pd-NHC moiety behaves in the same 
way as a Pd-σ-bonded hydrocarbyl fragment. With the exception 
of the example shown in Scheme 17, a reductive elimination 
pathway, with the concomitant formation of the free azolium salt, 
is the observed carbene-hydrocarbyl coupling mechanism. The 
reverse reaction, the oxidative addition of imidazolium salts to 
Pd(0) has been described,[ 84 ] including the reaction of a 
bisimidazolium salt to [Pd(PPh3)4] which involves the cleavage of 
a C-C bond and the formation of a bis-NHC-Pd(II) carbene 
complex.[85]   
 
Conclusions. 
The role played by reactive palladium carbenes in catalysis is 
gaining importance. The carbene fragment can be introduced in 
the final products through the formation of two new C-C bonds 
and this builds up molecular complexity in a lower number of 
reaction steps. The carbene migratory insertion reaction is the 
key process that allows to form a first C-C(carbene) bond and 
leads to a palladium alkyl that can be further functionalized (by a 
C-C coupling reaction or other transformations) to the final 
polyfunctionalized product. The many proposals of catalytic 
cycles that include a carbene migratory insertion step are 
supported by examples of this process in stoichiometric 
reactions of well-defined palladium precursors as described 
above. The rate of the migratory insertion is mainly determined 
by the electrophilicity of the carbene carbon bound to palladium 
and wide variations can be found between the fastest very 
electrophilic PdCRR’ carbenes (R, R’ = hydrocarbyls not 
included in an aromatic ring), where reaction intermediates are 
elusive, and the electron richer diamino-substituted, or the N-
heterocyclic carbenes, with very low reactivity. Using heteroatom 
monosubstituted palladium carbenes of intermediate 
electrophilicity, and therefore intermediate migratory insertion 
rates, all the intermediates involved in a C-C formation through 
carbene migratory insertion can be characterized, providing a 
solid ground for the whole description of this process. When 
extending the Pd-catalyzed couplings involving carbene 
precursors to different types of carbene fragments, it should be 
born in mind that the nature of the palladium carbene may 
render the migratory insertion step either unimportant to 
determine the turnover rate in the fastest cases, or strongly 
controlling the overall reaction rate for less electrophilic Pd-
carbenes. 
Pd-carbene chemistry shows a completely different face in 
catalysis when carbenes are used as auxiliary ligands, taking 
advantage of the robustness of the N-heterocyclic carbenes or 
related electron rich carbenes. However, a carbene-hydrocarbyl 
reductive elimination on the metal appears in this context as one 
of the few catalyst decomposition pathways described for these 
complexes. Rarely used as a product-forming step in catalytic 
reactions, that would produce substituted azolium salts, this 
reaction is of great importance in evaluating the stability of the 
palladium complexes with these ligands in the course of the 
catalytic reaction.   
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MICROREVIEW 
In contrast to the robust carbenes 
used as auxiliary ligands in palladium 
catalysis, other more electrophilic 
carbene fragments undergo carbene-
hydrocarbyl coupling in the metal 
coordination sphere and this has been 
used in Pd-catalyzed transformations 
that incorporate a carbene in the final 
product. A migratory insertion reaction 
is key, and the observation and study 
of this step in stoichiometric reactions 
provides useful information and strong 
support for mechanistic proposals.  
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